Wistar rat pups had the left common carotid artery cut, and they were exposed to 8% oxygen with free access to food and water until they were killed at 1, 12, 24, and 48 hours after the hypoxia-ischemia (HI) insult. Connexin 43 (Cx43), hemichannel (HC1), and caspase 3 (Casp3) in cerebral HI tissues were examined by immunohistochemistry and Western blot analyses. Astrocytes cell line, astrocytes transduced with a retroviral empty vector (Psup astrocyte), or a Cx43-specific small hairpin RNA (shRNA) construct (shRNA astrocytes) was treated with oxygen-glucose deprivation (OGD) insult. The viability of astrocytes was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. The results showed the expression of Cx43, HC1, and Casp3 in rats' brain, and astrocytes and Psup astrocytes increased significantly after 24 hours of HI/OGD insult. Cell viability decreased after 24 hours of the insult. The results suggest that Cx43 and hemichannel are likely to mediate the astrocytic death after HI insult.
can open to allow passage of molecules between the cytoplasm and extracellular space. 10 The GJ channels can allow intercellular diffusion of necrotic or apoptotic signals but can also allow diffusion of ions and substances from healthy to injured cells, thereby contributing to cell survival. 11, 12 Moreover, opening of GJ HC1s can exacerbate cell injury or mediate paracrine or autocrine signaling. 10 In addition to the cell-specific features of an ischemic insult, propagation of cell damage and death within affected tissues may be affected by expression and regulation of GJ channels and HC1s formed by Cxs. [11] [12] [13] [14] [15] In this study, we explore the effect of Cx43 and HC1s in neonatal rats' brain and astrocytes at different times after HI/ oxygen-glucose deprivation (OGD) injury and investigate the molecular mechanisms underlying the action of Cx43.
Materials and Methods Reagents
Rabbit Cx43 antibody was from Sigma-Aldrich (C6219, aminal acid residues 363-382; Poole, Dorset, United Kingdom), rabbit Cx43 HC1 antibody was designed and made by Custom Hybridoma/Pickcell Laboratory and the epitope sequence is ESAWG-DEQSAFRCNTQQPGC. Rabbit caspase 3 (Casp3) antibody was from Sigma-Aldrich (HPA002643; Poole). Mouse monoclonal anti-glial fibrillary acidic protein (GFAP), a marker of the astrocyte antibody, was from Abcam (GF5, ab10062; Abcam, Cambridge, United Kingdom). All other reagents and chemicals were from Sigma-Aldrich (Poole) unless stated otherwise.
Animals
Forty unsexed Wistar rat pups (12-17 g) on postnatal day 7 (P7) were obtained from the Experimental Animal Center of Shandong University, Shandong, People's Republic of China. The use of animal tissue was in accordance with the tenets of the Declaration of Helsinki and with the permission for the research from Shandong University, People's Republic of China.
Establishment of Neonatal HIE Rat Model
Forty Wistar rats were randomly arranged into the following 5 groups (n ¼ 8 for each group): control and HI groups with 1, 12, 24, and 48 hours (T1, T12, T24, and T48 hours) after HI.
A model of neonatal HIE was developed at P7. 16 Under anesthesia using lidocaine (Tianjin Pharma Group, Tianjin, China) topically, the left common carotid artery was isolated, double ligated, and cut. After allowing for recovery for 2 hours with their mothers, the pups were exposed to 8% oxygen at an ambient temperature of 35 C for 3 hours and then returned to their mothers. The pups were conditioned at 23 C + 1 C and a constant humidity of 60% + 10% in a room (12-/12-hour light/dark cycle). They had free access to food and water until they were killed. The same mother littermates as age-matched controls underwent neither surgical procedure nor hypoxic exposure were killed at postnatal day 9.
Tissue Preparation
Rat pups were killed at 1, 12, 24, and 48 hours after the HI insult for histopathological and Western blot analyses. Decapitated brains were dissected coronally at the level of the third plane of thalamus. The whole brain was separated equally into left and right sides, only the left sides (damaged cortex) were used for histopathological and Western blot analyses.
Immunofluorescent Detection of Cx43 þ Glial Fibrillary Acidic Protein, HC1 þ Glial Fibrillary Acidic Protein, Cx43, HC1, and Casp3 in Rats' Brain Tissue
The brains were removed, and the brain sections with subventricular zone (SVZ) were fixed for 15 minutes at room temperature with 4% paraformaldehyde and permeabilized for 15 minutes in 0.2% Triton X-100 (t-octylphenoxypolyethoxyethanol). After 3 washes with phosphate-buffered saline, the sections were incubated overnight with primary antibodies, diluted in PBS, against Cx43 þ glial fibrillary acidic protein (1:2000 rabbit and 1:100 mouse), HC1 þ glial fibrillary acidic protein (1:200 rabbit and 1:100 Mouse), Cx43 (1:2000), HC1 (1:200), and Casp3 (HPA002643, 1:250, rabbit), followed by incubation for 2 hours in appropriate Alexa Fluor 488/594 (1:1000; Molecular Probes, United Kingdom) and Alexa Fluor 488 (1:1000, Molecular Probes) secondary antibodies. After an additional 3 washes with PBS, the sections were mounted in Hydromount-containing bis-benzimide (Hoechst 33342, 1/500; BDH, United Kingdom). Substitution of the primary antibodies with the same-species serum served as a negative control. The images were visualized and captured using a Leica microscope (SP2UV; Milton Keynes, United Kingdom).
All images were obtained as a stack in which each image had an optical thickness of 1 mm, and each image was analyzed with ImageJ (National Institutes of Health). Afterward, the ImageJ feature for analysis of particles was used, and the Feret diameter was measured to quantify the diameter of positive immunoreactive puncta. The percentages of cells with Casp3 staining were obtained by using ImageJ. The total number of cells was obtained by counting the Hoechst-labeled nuclei.
Western Blot Analysis of Brain Tissue
The corresponding areas of brain tissue in SVZ was washed twice with PBS, lysed in 500 mL of lysis buffer (50 mmol/L Tris-HCl, pH 7.6, 5 mmol/L EDTA, 25% sucrose, 0.6 mL of 100 mg/mL phenylmethylsulphonyl fluoride, and 2.4 mL b-mercaptoethanol) for 30 minutes, and then centrifuged at 90 000 rpm for 15 minutes at 4 C. Whole tissue extracts equivalent to 100 mg protein were separated by 8% sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) with the running buffer (25 mmol/L Tris, 200 mmol/L glycine, and 1% w/v SDS, pH 8.3), and transferred to nitrocellulose membranes (Gibco BRL, USA). The membranes were blocked with 5% skimmed milk in TBST (20 mmol/L Tris-HCl at pH 8.0, 50 mmol/L NaCl, and 0.05% Tween 20) at 4 C overnight, followed by incubation with primary antibodies (same as mentioned earlier) for 2 hours and again incubated for 1 hour at room temperature with 1:10 000 peroxidase-conjugated goat antirabbit immunoglobulin G. The bound antibody was detected with chemiluminescence (SuperSignaI West Pico Stable Peroxide Solution, PIERCE, USA), and the tublin served as the internal standard. The intensity of the band was calculated with Bio-Rad, USA imaging system. Resulting immunoblots were scanned with a ScanJet 3c flat bed scanner. The densitometric analysis was performed by assessing pixel number and obtaining final numerical data using SCION IMAGE software (Hewlett Packard HP, C2527A, China).
Cell Culture, Retroviral Constructs, and Transfection
Human cerebral cortex astrocyte cell line purchased from ScienCell Research Laboratories was transduced with a Cx43-specific small hairpin RNA (shRNA) construct (shRNA astrocytes; gift from W. H. Moolenaar. sequence GGTGTGGCTGTCAGTGCTC) or a retroviral empty vector (Psup astrocytes; pSuppressor; Imgenex Co, San Diego, California), 17 essentially as described in Carr and Whitmore.
18
The GP2-293 packaging cell line (Clontech, USA) was transfected by calcium phosphate precipitation with retroviral plasmid (15 g) containing the Cx43 shRNA insert or empty vector, 5 g pMD.G envelope plasmid, and 10 g pBSII SK-carrier plasmid (Stratagene, USA). Selection for transduced cells was via resistance to 2 g/mL puromycin (Cx43 shRNA) or 500 g/mL geneticin (empty vector). In this study, astrocytes cell line and astrocytes transfected with Cx43 shRNA were used to detect the roles of Cx43 and its HC1 in astrocytic death and apoptosis. Astrocytes transfected with an empty vector were used as a control to compare with Cx43 shRNA. After the transfection, the suppression of the Cx43 expression was confirmed by Western blotting (the technique used was the same as detailed in the ''Western blot analysis of astrocytes'' section). All experiments were carried out when the cells reached near to confluence.
Oxygen-Glucose Deprivation Techniques
Cell cultures were subjected to the OGD astrocytes media (previously bubbled with 5% CO 2 /95% N 2 for 30 minutes). Hypoxia was induced by placing the cultures inside of an incubator chamber and removing the air with a CO 2 /N 2 (5, 95%) flow for 15 minutes, after which the chamber was closed for 3 hours as described previously. 18 Recovery was allowed in normal media (minimum essential medium with 5 mmol/L glucose and 10% fetal bovine serum) at 37 C in a 5% CO 2 / 95% air atmosphere at nearly 100% relative humidity with different time points (1, 12, 24 , and 48 hours).
Cell Death Quantification-3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide Assay
The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay was used as an index of cell viability and was performed according to the manufacturer's instructions (Catalog # 4890-050-K, R & D Systems Ltd. Europe). Briefly, astrocytes were cultured in 96-well plates at a density of 5000 cells/well with culture medium for 24 hours to allow the cells attach stably. After the treatment, 0.4 mg/mL MTT was added into the culture medium. After 3 hours, the MTT solution was aspirated and dimethylsulfoxide (0.3 mL/well) was added. Optical density of the supernatant was read at 570 nm using a microplate spectrophotometer (Spectra Max 340; Molecular Devices, USA). Absorbances were normalized to the untreated control cultures which represented 100% viability:
% viability ¼ mean absorbance of sample/mean absorbance of control Â 100
Western Blot Analysis of Astrocytes
The cell cultures were rinsed twice with a saline solution (Hank), pH 7.4, and the cells were scraped off the dish with a rubber policeman and harvested in a solution containing inhibitors of proteases (200 mg/mL soybean trypsin inhibitor, 1 mg/mL benzamidine, 1 mg/mL e-aminocaproic acid, and 2 mmol/L phenylmethylsulfonyl fluoride) and phosphatases (20 mmol/L Na 4 P 2 O 7 and 100 mmol/L NaF) for 30 minutes. The suspension was centrifuged (14 000 rpm for 2 minutes at 4 C), and the pellet was resuspended in 50 mL of the solution containing protease inhibitors and sonicated (Ultrasonic cell disrupter; Microson). Proteins were measured in aliquots of cell lysates with the Bio-Rad (Catalog # 40000-616, China) protein assay. Samples were mixed with Laemmli buffer (Catalog # 161-0737, Bio-Rad Laboratories, Inc) and resolved in 8% SDS/PAGE. The following steps were the same as described for brain tissue analysis.
Statistical Evaluation
All cell biology experiments were based on triplicate wells, and each experiment was repeated at least 3 times. All numerical results were expressed as the mean + standard deviation. Student's unpaired t test (GraphPad Prism version 4.0) was used to assess the differences in positive plaque pixels between cells treated with and without ischemia reperfusion/OGD injury. One-way analysis of variance (Prism 4.0) was used to assess any differences between sets of data obtained when cells were grown with different treatment. Statistical significance was defined as *P < .05.
Results

The Expression of Cx43, HC1, and Glial Fibrillary Acidic Protein in the Astrocytes From Rats' Brain
To confirm that Cx43 and HC1 were expressed in the astrocytes with glial fibrillary acidic protein, an astrocytic marker, double immunostaining of Cx43 þ glial fibrillary acidic protein, and HC1 þ glial fibrillary acidic protein were performed. The results showed Cx43 and HC1 expressed in the astrocytes in which glial fibrillary acidic protein was detected at the same time ( Figure 1A and B ). There appears to be a markedly lower level of labeling for HC1 compared to Cx43.
The Expression of Cx43, HC1, and Casp3 in Rats' Brain Following HI Insult
To detect the expression of Cx43, HC1, and Casp3 in rats' brain, immunostaining was undertaken following HI with appropriate time points. The results showed that the expression of Cx43, HC1, and Casp3 significantly increased in SVZ of rat's brain after 24 hours of HI (Figure 2c1-3, d1-3, e1-3 , and f1-2; P < .05), whereas no significant change was observed on 1 and 12 hours after HI (Figure 2b1-3 and f1-2) .
Western blotting was performed to further confirm the above-mentioned results. The elevated expression of Cx43, HC1, and xasp3 from brain tissue in SVZ appeared after 24 hours of HI (Figure 3A and B; P < .05). Immunostaining for the expression of Cx43, HC1, and Casp3 in rat's brain after HI insult. Cx43, HC1, and Casp3 were stained green, and nuclei were stained blue. Bar ¼ 25 mm. a1-3, The expression of Cx43, HC1, and Casp3 in SVZ from rat without the insult of HI (Cont.); b1-3, The expression of Cx43, HC1, and Casp3 in SVZ from rat 1 hour after HI (T1 hour); c1-3, The expression of Cx43, HC1, and Casp3 in SVZ from rat 12 hours after HI (T12 hour); d1-3, The expression of Cx43, HC1, and Casp3 from rat 24 hours after HI (T24 hour); e1-3, The expression of Cx43, HC1, and Casp3 in SVZ from rat 48 hours after HI (T48 hour); f1, The plaque area (pixels) of Cx43 and HC1 staining per cell with the time points. f2, The percentage of Casp3 positive cells (%) with the time points. *P < .05. Cx43 indicates connexin 43; Casp3, caspase 3; HCl, hemichannel; HI, hypoxia-ischemia; SVZ, subventricular zone.
Effect of Transfection With a Retroviral Empty Vector and Null Cx43 Gene in Astrocytes
Western blotting was performed to confirm the effects of the transfection. The results showed there was expression of Cx43 and HC1 in both astrocytic cell line and Psup astrocytes but not in shRNA astrocytes after the transfection (Figure 4 ).
Viability of Psup and shRNA Astrocytes After OGD
To investigate the viability of astrocytes after OGD, the MTT assay was performed. The results showed there were significant decreases in viability for astrocytes cell line ( Figure 5A ; P < .05) and Psup astrocytes ( Figure 5B ; P < .05) on 24 hours after OGD ( Figure 5A and B) . In contrast, there were no changes in the viability for shRNA astrocytes after OGD ( Figure 5C ; P > .05).
Oxygen-glucose deprivation Increases the Expression of Cx43, HC1, and Casp3 in Cell Line and Psup Astrocytes But Not in shRNA Cells
The expression of astrocytes after OGD insult was detected using Western blotting. The results showed the elevated expression of Cx43, HC1, and Casp3 from cell line ( 
Discussion
Transient HI is characterized by a striking, progressive evolution of damage over days to weeks after the insult. 3, 4 Hypoxiaischemia lesion has been shown to result in earlier acute necrotic neuronal death in the core of the infarction, followed by a delayed and prolonged apoptotic-like neuronal death in the surrounding zone. 19, 20 Astrocytic functions are essential for normal neuronal activity, which provide metabolic and structural support to neurons; they control the extracellular concentrations of glutamate, Kþ, and Hþ and regulate the volume of extracellular space. 21 Numerous studies have demonstrated that astrocytic GJs modulate neuronal survival during and after brain ischemia. Gap junctions are also found between activated microglia, between many types of neurons, between astrocytes and oligodendrocytes, and in a few somewhat controversial instances between astrocytes and neurons.
Gap junction channels can be acutely regulated in response to various stimuli, including changes in voltage, pH, and Cx phosphorylation. Phosphorylation has been implicated in the regulation of gap junctional communication at several stages of the cell cycle and the Cx ''life cycle,'' such as trafficking, assembly/disassembly, degradation as well as in the gating of HC1s or intact GJ channels. Based on several studies, Cx43 undergoes multiple phosphorylation events 22, 23 including mitogen-activated protein kinase and protein tyrosine phosphatase m. They phosphorylate Cx43 on the majority of the 21 serine and tyrosine residues, respectively, which are generally correlated with the marked disruption in intercellular junctional communication. 24, 25 Our study suggests that upregulation of Cx43 expression can mediate the delayed and prolonged apoptotic-like astrocytic death with the rise of the Casp3 and the decreased cell viability after the insult. Also, in our study we confirmed that downregulation of Cx43 contributed to astrocytic survival. These results further confirm that Cx43 accelerates the astrocytic death which is consistent with previous reports. 26 How does ischemia affect junction channels? It has been reported that in both brain slices and primary astrocyte cultures, gap junctional communication is reduced, but not abolished, during ischemia. [27] [28] [29] [30] The reduction in cellular communication could be caused by several gating stimuli including cellular acidosis, rise in free intracellular Ca 2þ concentration, and changes in phosphorylation of Cxs. This was also proved in our previous study. 31 In contrast with the GJ, Cx43 HC1s have little distribution and very low open probability under physiological conditions. 32, 33 Cx43 HC1s are the biogenetic precursors of GJs, which is the main Cx expressed in astrocytes and have long been thought to exist as half of a GJ. [32] [33] [34] Recent evidence suggests that they can also function as stand-alone channels and have shown the involvement of functional HC1s in diverse physiological and pathological conditions. [34] [35] [36] [37] Our data show that Cx43 HC1s have lower expression than that of Cx43 and are associated with cell death with an increase in Casp3 and decrease in cell viability. These are consistent with other's reports. 15 Also, in our study the authors confirmed that downregulation of Cx43, which also caused the downregulation of HC1s, contributed to astrocytic survival. The data shown here reinforce the idea that opening of HC1s can be increased by some Cx mutations, which can promote cell death by this novel gain of function. Oxygen deprivation during hypoxia and ischemia causes intracellular accumulation of toxic metabolites and adenosine triphosphate depletion, which can lead to cell death. In numerous studies, metabolic inhibition (MI) has been used as a model to elucidate the effect of hypoxia with or without substrate deprivation on cells in culture or in ex vivo preparations. In these preparations, HC1 opening induced by MI or ischemia is thought to accelerate cell death. 33 In this manner, Cx HC1s could have an influence on the progression of the cell death process as has been demonstrated in HeLa cells (ATCC 1 CCL-2 TM , USA) transfected with Cx43 exposed to various apoptotic agents 38 and to trigger apoptosis in Marshall and L2 lung epithelial cells in response to oxidative cell stress.
11 Figure 6 . Western blot analysis of Cx43, HC1, and Casp3 expression from astrocytes following OGD treatment. Astrocytes were treated with OGD techniques. The lysates were resolved by SDS-PAGE, and immunopositive bands were semiquantified by scanning laser densitometry. Data are expressed as mean + SD corresponding to data displayed, * P < .05. A1-2, Astrocytes cell line; B1-2, Psup astrocytes; C1-2, shRNA astrocytes; D1, Tublin was detected as a control. Cx43 indicates connexin 43; Casp3, caspase 3; HCl, hemichannel; OGD, oxygen-glucose deprivation; shRNA, small hairpin RNA; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SD, standard deviation.
Recent studies, in astrocytes as well as in other cell types, have demonstrated that HC1s may open in response to various triggers. 9 The list of conditions and intracellular signals triggering HC1 opening and consecutive messenger release is extensive and includes depolarization of the membrane potential, 11 reactive oxygen species, 11 redox status, 12 phosphorylation status, 13 mechanical stimulation, 14 ischemia/hypoxia, 38, 39 and also certain Cx mutations. 40 In summary, this study shows that Cx43 and its HC1s significantly mediated Casp3 in brain tissues and astrocytes. They can play important roles in HI-induced astrotic death. They transform each other in all process of the cell death. In the early stages of cell death, increased expression of Cx43 increases the intercellular communication; before the cell's rupture, both Cx43 and HC1s show increased expression, enabling the gates of cell membrane to easily exchange materials in the surrounding environment. Connexin 43 and its HC1s may become the signals to predict early stroke and HI injury. The blockage or inhibition of Cx43 and its HC1s has the potential for the development of novel neuroprotective therapy. 
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